INTRODUCTION
Successive cambia are not just an ontogenetic phenomenon (Carlquist, 2001) , which are involved in the secondary growth of at least 200 woody species from >30 plant families (Robert et al., 2014) . Successive cambia look like prolonged phloem longevity, because each of the successive cambia can continue to produce xylem towards the inner part and phloem towards the outer part of the plant stem (Carlquist, 2007) . The cambia can literally develop successively and several cambia can also develop simultaneously (Schmitz et al., 2008) . Radial increment through successive cambia (RISC) layers in Avicennia et al., 2012) . These results indicate that 4-10 RISC layers are formed every year in the A. marina.
Haloxylon Bunge (Chenopodiaceae), a familiar desert plant genus, is a dominant shrub widely distributed in Middle and Central Asia (Liu et al., 2011; Buras et al., 2012) , which has many xeromorphic characteristics and plays an important role in the maintenance of the structure and function of the desert ecosystem (Xu et al., 2007; Liu et al., 2011; Buras et al., 2012; Thevs et al., 2013) . Over the past century, the Haloxylon vegetation has been logged and utilized as pasture and fuel wood resource, resulting in widespread degradation of the desert ecosystem and desertification (Thevs et al., 2013) . Hence, rehabilitation of Haloxylon species is fatal to combat desertification.
Successive cambia were reported in Chenopodiaceae by Carlquist (2001) and Heklau et al. (2012) . Heklau et al. (2012) described the wood anatomy in detail and mentioned the maximum number of successive cambia recorded in some annual species of Chenopodiaceae. However, they neither indicated the identification method for determining the maximum successive cambia number nor the annual growing boundary in Haloxylon. The Haloxylon stem shows many alternating tangential xylem/phloem bands (Schweingruber et al., 2006) . The radial growth rate is not clear as indicated by the fact that the annual boundary cannot be determined by dendrochronological approach. Xiao et al. (2013) investigated the growth rate of Haloxylon ammodendron (H. ammodendron) from the periphery of the Heihe river (41°57′ N, 101°03′ E, 936 m a.s.l.) using a cambial pinning method, and indicated the average number of layers formed in six H. ammodendron formed in 2009, 2010 and 2011 as 3.5 ± 2.1 (1 to 7 layers); 3.0 ± 1.7 (1 to 5 layers); and 2.4 ± 1.1 (1 to 4 layers), respectively. These results show the different RISC layers in individual year. Actually, the unsolved problem can be traced back to the pioneer work over 200 years ago about the Haloxylon age determination (Link, 1807) . Radiocarbon ( 14 C) dating is a powerful dendrochronological dating method (Leavitt and Bannister, 2009 ) and reported over several decades (Stuiver and Polach, 1977) . However, information on a Santini et al., 2012 ( G. Helle) (C and D cited from McCarroll and Loader (2004) series of radiocarbon dating in Haloxylon species and other successive cambia species is still lacking.
B. "Layer" was defined as a complete band of xylem (X) and phloem (P) that is composed of conjunctive tissue including phloem strands (A and B cited from
It has been reported that successive cambia were strongly related to environmental conditions, and that 84.9% of woody species with concentric internal phloem occurred in dry or saline environments (Robert et al., 2011) . H. ammodendron is a stem-succulent shrub in sandy deserts (Song et al., 2006) , however, it is in habitat environments with extremely poor growing conditions such as in climates with torrid summers (sandy surface temperatures exceeding 60°C) (Yu et al., 2012) , deeper underground water table (Zeng et al., 2012) , low frequency of precipitation and high pan evaporation (Xu et al., 2007) , and high frequency of strong wind and sand storms (Wang et al., 2005) . In general, H. ammodendron as a dominant species is able to withstand the harsh environment and store water in its succulent stem, and it may have developed an effective evolutionary strategy and physiological osmotic adjustment traits for preventing water loss. The development of assimilating shoots is one of osmotic adjustment traits demonstrating adaptation to the extreme xeric conditions (Fig. 2e) (Su et al., 2007) . Robert et al. (2011) reported the successive cambia as an adaptive structure, but their formation mechanism and elucidating the reason for what triggers their formation are still challenges in wood physiological and ecophysiological researches. Wood anatomical observation can obtain direct information of the radial growth. The characteristics of successive cambia and associated bands have been well described by plant anatomists (Carlquist, 2007; Rajput et al., 2012) , but their ecological functions are little discussed. Multiple RISC layers are formed within one growing season in harsh environments, thus it is worth discussing as to whether or not this phenomenon is one of ecological survival strategies for withstanding the environmental stress.
This present research aims to clarify the annual radial growth rate of the RISC layer by a series of radiocarbon measurements on two H. ammodendron specimens, and attempts to discuss the formation mechanism and the ecological function of RISC layers by SEM examinations.
MATERIALS AND METHODS

Sample description
The Gurbantünggüt desert is located in the Junggar Basin, north of Tianshan Mountain (Fig. 2) . This region has a continental arid temperate climate, with a hot, dry summer and cold winter. It has a mean annual temperature of 6.6°C; mean annual precipitation of approximately 160 mm, with about 40% of which is distributed in the growing season; pan evaporation is >2000 mm (Xu et al., 
l.) are shown in (d) and (e). (Photograph, May 2012).
2007). In areas of low salinity and deep groundwater table (>5 m), H. ammodendron is usually dominant species in the shrub community and exhibits excellent drought resistance and salt tolerance (Song et al., 2006; Xu et al., 2007) .
On May 3rd, 2012, two specimens of H. ammodendron (one living: Lab code S1, Fig. 3a and another dead: Lab code S2, Fig. 3b ) were collected in the southern edge of the Gurbantünggüt desert (44°21′ N, 87°51′ E, 425 m a.s.l.) for this research. Due to the growing season being from May to the end of September (Xu et al., 2007) , the formation time of the outermost layer of the living specimen (S1) was deduced to be 2011 because the sampling time is the beginning period of a new growing season.
Microstructural feature observation
The adapted RISC layer number in this paper was obtained by the bark-to-pith observation on cross section in the radii direction: AO for S1 and CXO for S2 (Figs. 3a and b) . The 7-cm-diameter living specimen (S1) has 76 RISC layers ( Fig. 3a) and the 10-cm-diameter dead specimen (S2) has 108 RISC layers (Fig. 3b) . The radial increment accumulation was measured from pith to bark at a precision of 0.01 mm with the optical microscope (OLYMPUS-BX51). Transverse and tangential sections (approximately 5 mm in thicknesses) were flattened by a sliding microtome, and then coated with gold/palladium using a sputter coater prior to viewing the microstructural features by a scanning electron microscope (SEM, JSM-6510LV, JEOL).
C measurement and calibration
Samples (S) of each RISC layer from S1 and S2 were obtained by careful splitting with a razor knife under a microscope. The α-cellulose was extracted from the split tissues using a general method consisting of solvent extraction, bleaching by sodium chlorite solutions and alkali dissolution of hemicellulose (Loader et al., 1997) . The α-cellulose was combusted in a sealed Pyrex tube with copper (II) oxide (CuO) and silver wire at 550°C for 12 hours to produce CO 2 . The CO 2 gas was cryogenically purified by liquid nitrogen (-196°C) and n-pentane slush 
The alternating dark-coloured layers and light-coloured layers were clearly recognized in (c), (d) and (e). Discontinuous RISC layers were frequently observed, shown by the black elliptical dashes in (c), black arrows in (d), and the white dashed line in (e).
(-130°C) using a glass vacuum equipment (Wada and Ito, 1990) . Purified CO 2 gas was reduced to graphite on catalytic Fe powder using pure hydrogen gas at 635°C for 4 hours (Kitagawa et al., 1993) .
For standard materials for 14 C measurement, we used National Institute of Standard and Technology (NIST) oxalic acid (SRM-4990C) as a standard (NOX, δ 13 C NOX = -17.8 ± 0.47‰) and SP2 graphite carbon (Nippon Carbon Co. Ltd.) derived from a Japanese coal sample as a secondary in-house standard (BG). In this research, the NOX standard was combusted in a sealed quartz tube with CuO at 850°C for 2 hours to produce CO 2 . The BG standard on the other hand was combusted in a sealed quartz tube with V 2 O 5 at 1000°C for 2 hours to produce CO 2 . The purification and graphitization of CO 2 , from the standards (NOX and BG), were the same processes as for sample (S) (Wada et al., 1984; Tsuboi et al., 2014) . For these graphite samples, 12 C, 13 C, and 14 C abundances were synchronously measured using an accelerator mass spectrometer (AMS) of the Micro-Analysis Laboratory, University of Tokyo (MALT), Japan (Matsuzaki et al., 2007) .
According to Stuiver and Polach (1977) , radiocarbon age can be calculated from Eq. (1):
Radiocarbon age SN 1950 ON 1950 
Where: the τ is the Libby mean life (8033 years); A SN is the specific activity of the sample (As) normalized to δ 13 C = -25‰; A ON is a standard specific activity obtained from the oxalic acid (SRM-4990C, δ 13 C = -17.8‰) normalized to δ 13 C = -25‰. AD 1950 equals 0 yrs BP. To obtain radiocarbon age of the modern woody sample (late 1950s) from measured ( 14 C/ 13 C) isotope ratio in this research, the measured values of ( 14 C/ 13 C) S [-17.8] and ( 14 C/ 13 C) NOX [-17.8] needed to be corrected firstly by the measured ( 14 C/ 13 C) BG to eliminate the systematic error, and then subsequently normalized to ( 14 C/ 13 C) 1950[-25] . The fraction of modern (F 14 C) defined by Reimer et al. (2004) and the radiocarbon age are calculated by the following the formulae (Stuiver, 1983; Linick et al., 1986; Donahue et al., 1990; Reimer et al., 2004 ): where: The subscripts NOX and S refer to the oxalic acid standard (SRM-4990C) and sample (in this research), respectively. The subscript numbers in square brackets refer to the values which have been normalized to δ 13 C = -25‰ from δ 13 C = -17.8‰. The t is 14 C ages. F 14 C was calibrated using a CALIBomb program (http://calib.qub.ac.uk/CALIBomb/) and the calibration data set (IntCal13) for Zone 1 in the Northern Hemisphere (NH) (Hua and Barbetti, 2004; Hua et al., 2013; Reimer et al., 2013) . Errors are expressed as 2 sigma.
Due to the NH atmospheric 14 C concentration which reached a maximum in AD 1963 -1964 (Hua, 2009 , the F 14 C of the modern woody sample (late 1950s) calibrated by CALIBomb program can be obtained two possible calendar year (cal AD) ranges: T1 (AD 1950 (AD -1964 and T2 (late 1964) (Reimer et al., 2004; Hua, 2009) , such that the cal AD range of each RISC layer sample in this study was decided through probability comparison and display order number. The outermost layer of S1 was deduced to be 2011, however, that of the dead specimen (S2) could not be determined because it was collected from the dead state, with the date of its death unknown. Furthermore the NH zone1 data set is only up to 2010 and thus not suitable for the determination of the formation time of the outermost layer by F 14 C dating. The current outermost layer numbers in Table 1 begin from No. 6 (for S1) and No. 3 (for S2).
RESULTS
Microstructural feature of H. ammodendron
There are distinct boundaries between RISC layers (Figs. 3c-e and 4a) . Each RISC layer mainly composes 3 parts of tissues: secondary xylem (Xs), secondary phloem (Ps) and parenchyma cells (Pa) (Figs. 1f, 4b and 4c) . Some obvious features of RISC layers were easily observed in the two specimens: (1) the layers do not usually coincide with a geometrical centre, as is easily seen with the "eccentric" pith positions (Figs. 3a and b) ; (2) discontinuous RISC layers were frequently encountered (Figs. 3c-e and 4a); (3) RISC layers consist of alternating patterns of dark layers and light layers, as is clearly seen (Figs. 3c-e) ; (4) normal early wood and late wood are not present and these are observed as absent (Figs. 4a and b) ; (5) sclerenchyma cells as junctions tightly adhered vessel groups on the outside portion in each RISC layer in both specimens (Figs. 4b, c, e and f); (6) in a single RISC layer, steep radial and axial vessel groups (about 2-10 vessels) are often distributed in the bark-side (Figs. 4a and b) 1978.38−1978.75 8.3 1974.93−1975.24 3.4 1962.25−1962.36 4.6 
Fig. 4. SEM images of transverse (a-c) and tangential section (d-f) of H. ammodendron stems. (a) Discontinuous RISC layers shown by thick white arrows and white dashed line showing the discontinuity. (b) and (e) Difference in thickness between the bark and pith sides in a single RISC layer, shown by white hollow arrows. Relatively thick-walled secondary phloem fibres encompassing vascular bundles only towards the bark side in the layer, and sclerenchyma cells as junctions tightly adhered vessel groups on the outside in each RISC layer. (c) and (f) magnified enclosed portions in (a) and (e), respectively. (g) and (h) Diagrammatic representations of water movement in a single vessel: the osmotic water movement directions are shown by black thin arrows whiles the normal water flowing direction is shown by a black hollow arrow in (h). The water moves easily from the vessel to the inner (pith side) parenchyma but hardly penetrates to the outer (bark side) secondary phloem fibres and sclerenchyma cells layer
which behave like a cell screen to prevent water loss.
Fig. 5. Calibrated radiocarbon results (F 14 C) of the two H. ammodendron specimens. (a) S1:
The observed RISC layer numbers were obtained at and 5 continuous layers (from No. 44 to No. 48) , in the inset. (b) S2: observed RISC layer numbers were obtained at [10] [11] [12] [13] [14] [15] Figs. 3(a) and (b) , respectively. Errors are expressed as 2σ.
to No. 108). The attached numbers represent the RISC layer number in (a) and (b), which correspond to those shown in
thickness and structure are different between the barkside band and the pith-side (Fig. 4b) . These special anatomical features are completely different from what is observed in a normal annual ring morphologies (Speer, 2010) .
C dating and radial growth rate
In general, the layer display order numbers show that the inner layer is older than outer layer in a wood disc. The F 14 C results show decreasing from the inner RISC layer number to the outer portions of the two specimens, we deduced that their calendar years are distributed in the T2 period (late 1964). The decided cal AD of each RISC layer through probability comparison, all radiocarbon data is summarized in Table 1 . The outermost layer formation time of S1 is 2011. If each RISC layer were an annual growing layer, then the cal AD years of 5 continuous layers (No. 44 to 48) should closely approach the bomb-pulse peak period (approximate 1963-1967) (Hua and Barbetti, 2004; Hua, 2009 ). However, F 14 C dating results show that they are not annual as indicated by the ages of these 5 continuous layers with AD 1989 with AD .42 to 1994 Fig. 5a ). This shows that the RISC layer is not an annual growing layer.
According to the F 14 C dating results, the cal AD years for S1: the pith layer (No. 76) grew between AD 1980 .91 to 1983 .71 (average: 1982 ) and the outer layer (No. 6) grew between AD 2001 .94 to 2009 .52 (average: 2005 . It has been deduced that the growth span is 23.42 yrs, the RISC layer annual formation number is 2.98 ± 0.51 and the radial growth rate is 1.51 mm yr -1 between the two layers (No. 6 and No. 76) in Fig. 5a and Table 1 . The cal AD years for S2: the pith layer (No. 108) grew between AD 1976 .02 to 1977 .87 (average: 1976 .95 ± 0.92) and the outer layer (No. 3) grew between AD 2001 .91 to 2009 .52 (average: 2005 . It has been deduced that the growth span is 28.77 yrs, the RISC layer annual formation number is 3.65 ± 0.53 and the radial growth rate is 1.81 mm yr -1 between the two layers (No. 3 and No. 108) in Fig. 5b and Table 1 .
Linear regression shows a strong relationship between growth period and radial increment accumulation ( 
S2: y = 1.70x + 4.49 (R 2 = 0.94, P < 0.001)
where: x is the growth period (years), the period indicates that the cal AD years between the RISC layer and the pith layer; y is radial increment accumulation (mm), the value indicates that the distance between the RISC Fig. 6 . Linear regression shows a strong relationship between growth period and radial increment accumulation. Radial increment accumulations were calculated by the measured RISC layer distance from the pith: AO for S1 and CXO for S2 (see Fig. 3 ). The growth period was calculated using the average cal AD year by F 14 C dating (see Table 1 ). The pith layers were assumed to be zero (0) years for the two specimens.
layer and the pith layer (No. 76 for S1 and No. 108 for S2).
DISCUSSION
According to the F 14 C dating results, we affirmatively concluded that approximate 3 RISC layers were formed within one growing season in the two H. ammodendron specimens. But this phenomenon is hardly understood or explained by seasonal tree growth mechanism (Speer, 2010) . H. ammodendron as a stem-succulent and dominant shrub species is widely distributed in desert environments, and it must have special anatomical traits or possess superexcellent ability to store water in its stem tissue to survive in the harsh desert environments. Generally, water loss in secondary plant bodies is not only through the stomata of leaves, but also through the lenticels in the cortex of the stems which support the vital gases exchange (including water vapour) (Lendzian, 2006 ). The assimilating shoots of H. ammodendron show a number of degenerative features for reducing the photoactive area and decreasing plant water loss (Su et al., 2007) , thus it is worth discussing whether its stem also possesses some features for preventing water loss. In a single H. ammodendron RISC layer, the thickness and structure in the bark side band is different from that in the pith side band (Fig. 4b) . Axial vessel groups (about 2-10 vessels) are often distributed in the bark-side (Figs.  4a and d) . Secondary phloem and sclerenchyma cells as junctions tightly adhere vessel groups on the outside (Figs. 4b, c, e and f). Internal secondary phloem through successive cambia has been suggested to play a role in water storage in a mangrove species (Robert et al., 2011) . So we tentatively hypothesize that these special anatomical features of RISC layers in H. ammodendron will play a role to store water in the stem. Water moves easily from vessels to the inner (pith side) parenchyma through pit aperture, but hardly penetrates the outer (bark side) secondary phloem fibres and sclerenchyma cells which appear to be a cell screen to prevent water loss (Figs. 4g  and h) . Rajput et al. (2012) described the formation process of successive cambia in Gallesia integrifolia (Phytolaccaceae) as follows: the parenchyma cells located between primary phloem and pericycle fibres become meristematic and form a group of cells arranged in radial rows like cambium by redifferentiation. The cells positioned on the inner side of the newly formed cambium may divide further or differentiate directly into conjunctive tissue from the meristematic bands. Cells on the outer side of the meristematic bands act as a new successive cambia.
In this research, the RISC layer annual formation numbers of the two specimens are ≥3. This means that the meristematic parenchyma cells divide more than 3 times within one growing season. So we tentatively hypothesize that the trigger for meristematic parenchyma cell division in successive cambia is for maximum water storage in the stem within a growing season. Zhu and Jia (2011) demonstrated the effective utilizable water resource for those of over-20-years old H. ammodendron is ground water by δ 18 O analysis. In case H. ammodendron were exposed to extreme drought or ground water table continuously decreasing for long duration within one growing season, its meristematic cells in successive cambia will be divided into more meristematic bands for maximum water storage in the stem tissue to survive in the harsh desert environments.
For H. ammodendron, multiple RISC layers are formed in one growing season in harsh environments and may be one of the ecological survival strategies for conquering environmental stress. However, the formation mechanism and ecological function of the RISC layer in H. ammodendron and other species are still need to be explored further.
CONCLUSIONS
A series of radiocarbon measurements on two H. ammodendron specimens demonstrate that the RISC layer annual formation numbers are 2.98 ± 0.51 (for S1, a live specimen) and 3.65 ± 0.53 (for S2, a dead specimen). A relationship between growth period (x) and radial increment accumulation (y) was determined to be: y = 1.52x + 0.76 (R 2 = 0.96, P < 0.001) for S1; and y = 1.70x + 4.49 (R 2 = 0.94, P < 0.001) for S2. Multiple RISC layers are formed in one growing season in harsh environments which may be for the benefit of the storage of water in the stem and in order to conquer environmental stress. This research will help forward the further physiological and ecophysiological research on H. ammodendron and other successive cambia species.
